Peak participant ratings (mean ± SEM) of the subjective drug value of placebo and oxycodone doses as measured by the VAS during the intermittent (left panels) and daily (right panels) dosing phases during the first and second sessions as a function of cumulative oxycodone dose. See Fig. 1 legend for details. Effects of repeated oxycodone Cooper et al. 277
Tolerance to the analgesic effects of opioids has been demonstrated in laboratory animals after repeated drug administration; yet, this effect has been studied less frequently under controlled laboratory conditions in humans. This within-subject, double-blind, placebo-controlled study was designed to determine whether tolerance developed to the analgesic, subjective, and physiological effects of the commonly prescribed opioid oxycodone when it was administered daily for 5 days. The effects of oxycodone (0, 5, and 20 mg/70 kg, orally) were compared, using a within-session cumulative dosing procedure, on the first and fifth days of the 'daily' dosing phase to assess for tolerance; active oxycodone was administered on the second and fourth days of the daily dosing phase. Changes in the effects of oxycodone were also compared when the medication was only administered on the first and the fifth day of a 5-day 'intermittent' dosing phase; placebo medication was administered on the second and fourth days of the intermittent dosing phase. A 9-day 'washout' period occurred between phases during which no medication was administered. Healthy volunteers (N = 10) with no history of drug dependence or current drug use participated in this outpatient study. Analgesia was assessed using the cold pressor test, pain and drug effects were measured using a variety of questionnaires, and pupil diameter was monitored as an index of physiological effects. When administered daily, no differences were observed in oxycodone-induced analgesia between the first and the fifth days, but tolerance did develop to some of the positive subjective effects of oxycodone. In contrast, oxycodone-induced analgesia and participant ratings of some positive subjective drug effects were greater on the fifth compared with the first day of the intermittent dosing phase. No differences in the miotic effects of oxycodone between the first and the fifth days of either dosing phase were detected. Although obtained under limited experimental conditions, these findings suggest that tolerance may not develop to the analgesic effects of therapeutic doses of oxycodone under short-term daily dosing conditions, even though some of its subjective effects may decrease. These data also suggest that intermittent administration may enhance the analgesic effects of oxycodone, while also increasing some of the drug's positive subjective effects related to abuse liability. 
Introduction
Tolerance to the behavioral effects of m-opioid agonists after repeated administration is an extensively documented, wellestablished phenomenon in a wide range of species (Bodnar, 2008) . Of clinical relevance is the tolerance observed to the analgesic effects of opioid agonists in mice, rats, and nonhuman primates using an array of nociceptive stimuli. The magnitude of tolerance to the analgesic effects of opioids has been shown to be dependent on the pharmacological efficacy of the opioid administered, its duration of action, dosing schedule (i.e. continuous infusion, daily interdose interval), route of administration, and nociceptive assay used to determine drug effects (Ferguson et al., 1969; Mucha et al., 1996; Fairbanks and Wilcox, 1997; Pawar et al., 2007; Kumar et al., 2008; Sirohi et al., 2008) . Despite its clinical implications, relatively few controlled laboratory studies in humans have sought to determine the extent to which tolerance develops to the analgesic effects of opioids. Increasing doses required to maintain analgesia in patient populations suggest tolerance development, but disease progression may be the ultimate reason for increasing dosage needs, rather than tolerance (Jage, 2005) .
Although tolerance to the analgesic effects of opioids has not been explored extensively in humans, several studies have investigated the relationship between long-term opioid administration and hyperalgesia, increased sensitivity to painful stimuli. Hyperalgesia has been reported to occur among patients requiring long-term opioid agonist maintenance therapy for opioid dependence (i.e. methadone administration; Compton et al., 2000 Compton et al., , 2001 and chronic pain (King et al., 2005) . Opioid-induced hyperalgesia has also been demonstrated in humans under wellcontrolled laboratory conditions with continuous infusions of the ultra-short-acting m-opioid agonist, remifentanil (Luginbühl et al., 2003; Tröster et al., 2006; Singler et al., 2007) . Given these reports, it is difficult to decipher whether the increasing dose requirement of analgesics needed to suppress pain are (a) due to direct tolerance to the analgesic effects of opioids, (b) a result of increased pain due to disease progression, as observed among cancer patients, or (c) driven by opioid-induced hyperalgesia. Therefore, this study sought to determine, under well-controlled conditions and in the absence of disease progression, the extent to which direct tolerance to opioid-induced analgesia occurs as a result of repeated, daily administration of oxycodone, a popularly prescribed analgesic.
In laboratory animals, opioid-induced tolerance develops to many opioid-elicited behavioral effects. It is therefore conceivable that if repeated exposure to prescription opioids alters their analgesic effects in humans, other behavioral effects including those that are predictive of abuse potential would be affected similarly. With repeated dosing, tolerance develops to the discriminative stimulus effects of opioids in laboratory animals (Young et al., 1991a,b; Colpaert et al., 1976; Galici et al., 2005) , which are believed to be related to subjective drug effects in humans (Schuster and Johanson, 1988) . In an effort to clarify whether repeated opioid exposure alters its subjective effects, specifically those that are predictive of a drug's abuse potential, the current study assessed how daily oxycodone administration altered participant ratings of subjective drug effects in addition to its analgesic effects.
In summary, defining the effects of daily administration of opioids is a clinically relevant issue from both an abuse liability and a pain perspective. The objective of the present human laboratory study was to assess whether tolerance develops to the analgesic, subjective, and physiological effects of the frequently prescribed analgesic, oxycodone, when administered daily and when administered intermittently to healthy men and women.
Methods

Participants
Normal, healthy volunteers ages 21-55 years were recruited through local newspaper advertisements. Those who fulfilled the inclusion/exclusion criteria after an initial telephone screen were invited to the laboratory for further screening. Before enrollment, participants gave written informed consent, received a psychiatric and medical evaluation, and provided detailed drug use and medical histories. Participants were included in the study if they were healthy, as determined by a physical examination (including ECG, and urine and blood chemistries). They had to have taken opioids at least twice previously for medical purposes with no serious side-effects, and to have had no history of recreational opioid use. Those who reported chronic pain, used over-the-counter analgesics more than four times a month, consumed more than 500 mg of caffeine daily, or fulfilled the Diagnostic and Statistical Manual of Mental Disorders, 4th ed., revised criteria for substance abuse or dependence, or had current Axis I psychopathology were excluded from the study. Women were excluded if they were pregnant, nursing, dysmenorrheic, or experienced moderate-to-severe premenstrual symptoms. Participants were included in the study only after written informed consent to participate was provided and the eligibility criteria were verified. All study procedures were approved by the Institutional Review Board of the New York State Psychiatric Institute and were in accordance with the Declaration of Helsinki.
Design and procedures
The study consisted of two 5-day phases (Monday-Friday), during which the frequency of oxycodone administration varied according to the phase (daily vs. intermittent dosing; Table 1 ), and required 14-outpatient visits over the course of 4 weeks at the New York State Psychiatric Institute. On the first and fifth days of each phase, participants received an oral solution of 0, 5, and 15 mg/70 kg of oxycodone (cumulative doses of 0, 5, and 20 mg/70 kg, orally) at 45-min intervals. On the intermediate days (second, third, and fourth days), participants received capsules of either oxycodone (daily dosing; 15 mg twice daily, orally) or placebo (intermittent dosing; 0 mg twice daily, orally); the morning dose was administered in the laboratory and the evening dose was dispensed to the participant in bottles with child-safety caps and ingested at home after 5 p.m. Participants were instructed to abstain from taking any other medications or alcohol and not to drive after taking the capsule. Oxycodone was not administered during a 10-day 'washout' period between phases (a total of 9 no-dose days). Two laboratory visits were scheduled during this period and during the week following the completion of the second phase to maintain contact with participants throughout the study. Daily and intermittent dosing phases were counterbalanced across participants so that half of the participants (n = 5) completed the daily dosing phase first and half of the participants (n = 5) completed the intermittent dosing phase first. Before initiation of the study, participants completed one to two training sessions, during which they were familiarized with the cold pressor test (CPT), computerized tasks, and study procedures. Study drugs were not administered during these sessions.
Laboratory visits and sessions
Participants were instructed to arrive at the laboratory at 09:00 h, Monday-Friday, of both phases. Breath alcohol levels were assessed, possible use of illicit drugs was determined by a urine drug toxicology screen, and urine pregnancy tests were completed for female participants. On cumulative dosing days, a standardized breakfast was provided before the session, and physiological monitoring (blood pressure, heart rate, oxygen saturation, measurement of pupil diameter) began before drug administration and continued throughout the session (Table 2) . Baseline pain responsivity and subjective effects were assessed before and at specified time points after dosing. Time production assessment, and cognitive and psychomotor performance measures were also completed throughout the sessions. Pain responsivity, subjective and physiological effects, time production assessment, and cognitive and psychomotor performance measures were also completed before and after capsule administration on the intermediate days (second, third, and fourth days of each phase) to assess the development of tolerance during these days. These data did not show consistent trends of altered analgesic, behavioral, or physiological effects of oxycodone or placebo as a function of dosing condition and will not be discussed further.
No oxycodone-induced effects on performance were observed during the cumulative dosing sessions, and this will not be discussed further. Oxycodone-induced effects on time production will be reported in a separate publication. At the end of the session, participants were free to leave the laboratory once sobriety was determined using field sobriety and balancing tasks (Evans et al., 1990) . In the case of persistent intoxication, participants were driven home by a car service; this occurred on seven out of the 70 (10 participants Â 7 active medication days) sessions.
Analgesic effects
The CPT was used to assess analgesic responses. The cold pressor apparatus consisted of two water coolers, fitted with metal frameworks. One cooler was filled with warm water (371C) and the other was filled with cold water (41C). An aquarium pump constantly circulated the water in each cooler. The coolers were equipped with a wire cradle upon which the participant was instructed to rest his/her hand during the test. Participants were instructed to remove all jewelry and to spread the fingers of the hand during the test.
The CPT began with an immersion of the hand into the warm-water bath for 3 min. During this time, blood pressure and heart rate were measured. Immediately after removal of the hand from the warm water, skin temperature of the thumbpad was recorded and the experimenter read a standardized script to the participant describing the procedures of the test. Immediately after measurement of skin temperature following warm-water immersion, participants immersed the hand into the cold-water bath. Participants were instructed to report the first painful sensation after immersion. They were asked to tolerate the stimulus as long as possible, but were allowed to withdraw their hand from the cold water if the stimulus was too uncomfortable. The maximum immersion time was 3 min, although participants were not informed of this limit. Latency to first feel pain and latency to withdraw the hand from the water were recorded by the experimenter. During the test, blood pressure and heart rate were measured using the arm that was not immersed in the water bath. Upon withdrawal, skin temperature of the thumbpad was recorded and participants completed the short form of the McGill Pain Questionnaire (MPQ) (see below), which included questions about the sensations experienced during the cold-water immersion. The CPT was completed before and 30 min after each dose administration and 60 min after the final dose. During the intermediate days of each phase, the CPT was completed before and 30 and 60 min after the morning dose was administered. 
Subjective effects McGill Pain Questionnaire
A 15-item shortened form of the MPQ (Melzack, 1987) was used to assess the sensory and affective dimensions of the pain experience immediately following the CPT. Participants described their experience of pain by choosing among a series of possible answers [none (score = 1), mild (score = 2), moderate (score = 3), or severe (score = 4)].
They were asked to describe the pain as 'Throbbing', 'Shooting', 'Stabbing', 'Sharp', 'Cramping', 'Gnawing', 'Hotburning', 'Aching', 'Heavy', 'Tender', 'Splitting', 'Tiredexhausting', 'Sickening', 'Fearful', and 'Punishing-Cruel'. Scores were added across all 15 items to generate a sum score, which ranged between 15 and 60. This questionnaire was completed immediately after the participants withdrew their hand from the cold water.
Drug Effects Questionnaire
The Drug Effects Questionnaire (DEQ) consisted of six questions presented one at a time after oxycodone administration. The participants were asked to rate the positive and negative subjective effects produced by the drug and drug quality by selecting a phrase that most accurately reflected their feelings at that moment. The following questions were included: 'How strong a drug effect do you feel?' 'Do you feel any good effects from the drug?' 'Do you feel any bad effects from the drug?' 'Rate the degree to which you would be willing to take today's drug again'. The participant was asked to indicate on a scale of 0-4, 0 corresponding to 'No effects at all' and 4 corresponding to 'Very strong (good, bad, etc) effects'. Participants also were asked whether they liked the drug and were instructed to choose from among several possible answers, with -4 corresponding to 'Dislike very much' to 4 corresponding to 'Like very much'. Finally, they were asked whether the drug was most like a placebo, a sedative, or a stimulant.
Visual analog scales
To further determine the mood and physical subjective effects produced by the drug, participants completed visual analog scales (VAS) consisting of 18 items describing various mood and physiological states ('I feely' 'Able to concentrate', 'Alert', ' Anxious', 'Bad effect', 'Calm', 'Confused', 'Depressed', 'Focused', 'Good effect', 'High', 'Hungry', 'Irritable', 'Sedated', 'Self-confident', 'Social', 'Stimulated', 'Talkative', and 'Tired'). Participants were instructed to indicate on a 100-mm line, anchored on the left with 'Not at all' and on the right with 'Extremely', how they were feeling at that moment. Items were presented to participants before and B15 and 30 min after each oxycodone dose and 60 min after the final dose of the session.
Physiological effects
Pupil diameter was measured before drug administration, 15 and 30 min after each dose, and 60 min after the final oxycodone dose of the session. A pulse oximeter was used to monitor respiratory function. A soft sensor was placed on a finger, which continuously monitored oxygen saturation (%SpO 2 ). If %SpO 2 decreased below 93%, participants were prompted verbally by staff to take a deep breath. Blood pressure was measured every 15 min by a blood pressure cuff attached to the participant's right arm. Blood pressure and %SpO 2 were evaluated only for safety and not recorded for data analysis purposes.
Drugs
Oxycodone HCl [Oxyfast Immediate-Release Oral Concentrate Solution (20 mg/ml); Purdue Pharma, Stamford, Connecticut, USA] was prepared at doses of 0, 5, and 15 mg/70 kg. On the first and fifth days of each phase, the solution was mixed in orange-flavored Gatorade with 1 ml peppermint oil floated on top to mask the taste of the drug. A total volume of 200 ml was administered at each dosing, and was consumed within 5 min. We have used a similar procedure in other protocols to successfully mask the flavor of the beverage (Comer et al., 2010) . On the second, third, and fourth days of each phase, oxycodone capsules (placebo or 15 mg) were administered in size 00 opaque capsules with a lactose filler prepared by the New York State Psychiatric Institute Research Pharmacy. The oxycodone doses tested were based on the recommended dose range of orally administered oxycodone for treating pain at the time the study was designed (5-30 mg every 6 h; Medical Economic Staff, 2001).
Data analysis
Repeated-measures analyses of variance with planned comparisons were conducted to determine whether daily or intermittent opioid exposure produced tolerance to the analgesic, subjective, and miotic effects of oxycodone, as assessed on the first and fifth days of each phase. For each endpoint, a total of 12 pairwise comparisons were performed. For each session, the effects of oxycodone (cumulative doses of 5 and 20 mg/70 kg) were compared with placebo (1 comparison Â 4 sessions). Within each phase, the effects of oxycodone (cumulative doses of 5 and 20 mg/70 kg) were compared between the first and the second sessions (1 comparison Â 2 phases); placebo data were also compared between these two sessions (1 comparison Â 2 phases). The effects of oxycodone (cumulative doses of 5 and 20 mg/70 kg) were compared between phases by assessing the differences between data on the first session of the two phases and the differences between the second sessions of both phases (1 comparison Â 2 sessions); placebo effects were also compared between phases for both sessions (1 comparison Â 2 sessions). Dependent variables included latency to report pain during the CPT, latency to withdraw the hand from the cold water, participant ratings of pain as assessed by the MPQ, participant ratings of subjective drug effects as assessed by the DEQ and VAS, and pupil diameter. For dependent measures with multiple observations under each dose condition (i.e. subjective effects), peak values were used for analysis. To assess miotic effects, trough values of pupil diameter were used for analysis. Results were considered statistically significant when P values were equal to or less than 0.05 using Huynh-Feldt corrections.
Results
Participants
Fifteen volunteers were enrolled in the study and 10 participants completed it (seven men; three women; eight White; two Hispanic). Of the five volunteers who discontinued study participation, two dropped out due to the side-effects of the medication (excessive sedation, nausea, vomiting, intense headache), one was excluded due to elevated blood pressure during the CPT, and two could not be contacted. The average age of the completers was 31 years (range: 23-47). Of the completers, eight participants reported previous marijuana use, with the maximum lifetime use ranging from three times ever smoked to once per week; the last marijuana use for these participants ranged from 6 weeks to 25 years before screening. Two participants reported past cocaine use, with use ranging from twice ever used to once per week; the last cocaine use ranged from 4 to 25 years before the study screening process. One participant reported past recreational use of Ecstasy and Ritalin: both drugs were used once, with Ecstasy used 8 years before study screening and Ritalin used 2 months before study screening. Two participants reported daily tobacco use (8-10 cigarettes/day). Participants did not have a history of drug or alcohol dependence and had not used drugs (with the exception of cigarettes) for at least 1 month before screening. Participants did not test positive for illicit drug use during the course of the study.
Analgesic effects
Cold pressor test: latency to report pain and withdraw hand from water Figure 1 shows the latency to first report pain (top panels) and the latency to withdraw the hand from the cold water (bottom panels) during the first and second sessions for each phase (intermittent dosing phase, left panels; daily dosing phase, right panels). During the intermittent phase, oxycodone increased the latency to report pain relative to placebo during the second sessions (P r 0.01), but not the first. Latency to report pain was significantly greater after oxycodone administration during the second session of the intermittent phase relative to the first (P r 0.05). Relative to placebo, oxycodone increased the latency to withdraw the hand from the water during both the first (P r 0.01) and the second (P r 0.05) sessions of the intermittent phase; oxycodone effects for this measure of analgesia did not differ between the two sessions. Placebo effects did not differ between the two sessions for either latency to report pain or withdraw the hand from the water.
For the daily dosing phase, oxycodone increased the latency to report pain relative to placebo during the first session (P r 0.01), but not the second; however, oxycodone increased the latency to withdraw the hand from the water during both sessions relative to placebo (P r 0.05). Oxycodone and placebo effects did not differ between the two sessions for these measures.
A comparison of oxycodone and effects between phases revealed that oxycodone-induced increases in latency to report pain were higher during the first session of the daily dosing phase relative to the first session of the intermittent dosing phase (P r 0.01). No other betweenphase differences were observed.
Subjective pain response: McGill Pain Questionnaire
The effects of oxycodone on subjective pain ratings as measured by the MPQ are shown in Fig. 2 . During the Peak values (mean ± SEM) of latency to (a) report pain during the cold pressor test and (b) withdraw the hand from the cold water (mean ± SEM) during the first session (intermittent phase, &; daily phase, &) and the second session (intermittent phase, *; daily phase, K) as a function of cumulative oxycodone dose. Significant differences between placebo and oxycodone (cumulative doses of 5 and 20 mg/70 kg) during the first session are indicated by f(P r 0.05) and the second session by }(P r 0.05). Within each phase, significant differences between sessions in placebo or oxycodone effects are indicated by *(P r 0.05). Between phases, significant differences between corresponding sessions for placebo or oxycodone effects are indicated by #(P r 0.05). et al. 275 intermittent dosing phase (left panel), oxycodone decreased subjective ratings of pain compared with placebo during the first and the second sessions (P r 0.01); the effects of oxycodone and placebo on these ratings did not differ between the two sessions.
Effects of repeated oxycodone
For the daily dosing phase (right panel), oxycodone decreased subjective ratings of pain compared with placebo during the second session (P r 0.05), but not the first. Although the effects of oxycodone did not differ between the two sessions, the subjective pain ratings were significantly higher after placebo administration on the second session relative to the first (P r 0.05).
A comparison of oxycodone and placebo effects between phases revealed no differences in oxycodone or placebo effects on subjective pain rating for either session.
Subjective drug effects Drug Effects Questionnaire
Ratings of subjective drug effect as a function of oxycodone dose and session for each phase as measured by the DEQ are shown in Table 3 . During the intermittent dosing phase, oxycodone increased the subjective effect ratings of 'Strong' and 'Like' for both sessions relative to placebo (P r 0.01). Ratings for these subjective effects were higher during the second session relative to the first after oxycodone administration (P r 0.05); no differences emerged in the ratings between the two sessions after placebo administration. Oxycodone also increased the subjective effect ratings for 'Take again' for the second session relative to placebo (P r 0.01), but not the first. These ratings did not differ between sessions after oxycodone was administered; however, the subjective effect ratings after placebo was administered were significantly lower during the second session relative to the first (P r 0.05).
For the daily dosing phase, oxycodone increased the subjective effect ratings for 'Strong' and 'Like' for both sessions relative to placebo (P r 0.01). The ratings for 'Strong' were higher during the second session relative to the first after oxycodone administration (P r 0.001); no differences emerged in the ratings between the two sessions after placebo administration for either 'Strong' or 'Like'. No differences were detected in the ratings for 'Take again' between placebo and oxycodone administration for either session; however, these ratings were significantly lower during the second session relative to the first after oxycodone administration (P r 0.05). No differences were detected in the ratings for the two sessions after placebo was administered.
A comparison of subjective effect ratings for 'Strong', 'Like', and 'Take again' between phases demonstrated that subjective effect ratings were higher during the second session of the intermittent phase relative to the daily dosing phase after oxycodone administration (P r 0.01), whereas subjective effects ratings for 'Strong' were higher during the first session of the daily dosing phase relative to the intermittent dosing phase after oxycodone administration (P r 0.05). No differences in ratings were detected between phases for either session after the administration of placebo.
Visual analog scales
Subjective effect ratings as measured with the VAS are shown in Fig. 3 . During the intermittent dosing phase (left panels), oxycodone increased subjective effect ratings for 'High quality', 'Potent', and 'Good effect' for Participant ratings (mean ± SEM) of subjective drug effects as measured by the Drug Effects Questionnaire during the intermittent and daily dosing phases during the first and second session as a function of cumulative oxycodone dose. Participants rated their subjective drug liking by indicating on a scale from -4, corresponding to 'Dislike very much', to 4, corresponding to 'Like very much'. Participants rated subjective drug strength and desire to take the dose again on a scale of 0-4, where 0 corresponds to 'No effects at all' and 4 correspons to 'Very strong effects. ' *Significant differences between placebo and oxycodone (cumulative doses of 5 and 20 mg/70 kg) within a session (P r 0.05). #Within each phase, significant differences between sessions in placebo or oxycodone effects (P r 0.05). wBetween phases, significant differences between corresponding sessions for placebo or oxycodone effects (P r 0.05).
both sessions relative to placebo (P r 0.01). The ratings for these subjective effects did not differ between the two sessions either for oxycodone or for placebo.
For both sessions of the daily dosing phase, oxycodone increased ratings of 'High quality', 'Potent', and 'Good effect' during the first session relative to placebo (P r 0.05); however, during the second session, oxycodone only increased the subjective ratings for 'Potent' relative to placebo (P r 0.05). The ratings for 'Good effect' after oxycodone administration were significantly lower for the second session relative to the first (P r 0.05); however, no differences in these ratings emerged between the two sessions after the administration of placebo.
Although no differences emerged in the effects of oxycodone on subjective ratings for 'High quality', 'Potent', and 'Good effect' between phases for the first session, subjective ratings of 'Good effect' after oxycodone administration were higher during the second session of the intermittent dosing phase relative to the daily dosing phase (P r 0.05). No differences between phases for either session were detected after the administration of placebo. Figure 4 shows the subjective, hypothetical monetary value assigned by participants after placebo and oxycodone administration as determined by the VAS item prompting participants to indicate how much they would pay for the dose. During the intermittent dosing phase (left panel), oxycodone increased the subjective ratings for 'I Would Payy' relative to the placebo only during the second session (P r 0.01); these ratings were significantly higher during the second session relative to the first (P r 0.01). No differences in the placebo effects were found between the two sessions of this phase.
For both sessions of the daily dosing phase (right panel), oxycodone increased the ratings of 'I Would Payy.' during the first session relative to placebo (P r 0.05), but not the second. No differences in oxycodone or placebo effects on this VAS item were found between the two sessions of this phase.
A comparison of the subjective effect ratings for 'I Would Payy.' between phases demonstrated that oxycodone increased these ratings significantly more during the second session of the intermittent phase relative to the second session of the daily dosing phase (P r 0.01). No 
Would pay Intermittent
Daily * # § ¥ differences between phases for either session were detected after the administration of placebo.
Miotic effects of oxycodone
As shown in Fig. 5 , oxycodone decreased pupil diameter in both sessions during the intermittent dosing phase (left panel; P r 0.0001) and the daily dosing phase (right panel; P r 0.001) relative to placebo. The miotic effects of oxycodone did not differ between sessions for the intermittent phase, and pupil diameter after the administration of placebo did not differ between sessions. During the daily dosing phase, the effect of oxycodone on pupil diameter did not differ between phases; however, pupil diameter after administration of placebo was significantly smaller during the second session relative to the first (P r 0.001).
A comparison of pupil diameter between phases demonstrated that although the miotic effects of oxycodone did not differ between the first sessions of both phases, the effects were greater during the second session of the daily dosing phase relative to the intermittent phase (P r 0.05). Similarly, although pupil diameter after the administration of placebo did not differ between phases for the first session, it was significantly smaller during the second session of the daily dosing phase relative to the intermittent phase (P r 0.001).
Discussion
Under the current conditions, repeated, daily administration of oxycodone did not induce tolerance to the drug's analgesic effects, but did seem to decrease participant ratings of some positive subjective drug effects. In contrast, the data suggest that intermittent oxycodone administration enhanced its analgesic effects in addition to some of its positive subjective drug effects.
These findings suggest that the schedule and frequency of oxycodone administration can potentially impact both its analgesic and its subjective effects.
The finding that daily administration did not decrease the analgesic effects of oxycodone was unexpected, given the abundance of preclinical findings demonstrating profound induction of tolerance to m-opioid agonists. However, despite the large body of preclinical literature pointing to this phenomenon, there are reports demonstrating that under a variety of paradigms, tolerance to opioid-induced analgesia is dependent on a number of factors including the dose, duration, and interdose interval of opioid administration, as well as genetic factors and the presence of pre-existing pain (e.g. Cox and Tiffany, 1997; Mas et al., 2000; Javan et al., 2005; Liang et al., 2006) . Although tolerance to the analgesic effects of oxycodone was not observed under the given experimental parameters, caution should be exercised in generalizing these present results to more extended opioid dosing schedules. In addition, it is unknown whether and how pre-existing pain conditions may affect tolerance development to opioid-induced analgesia.
The increase in participant ratings of positive subjective effects of oxycodone observed under the intermittent dosing condition seems to parallel the preclinical literature demonstrating increases in some of the behavioral effects of opioids under similar dosing paradigms. For instance, repeated intermittent exposure to opioids enhanced the positive conditioned effects of morphine using the conditioned place preference model in rats (Lett, 1989; Gaiardi et al., 1991; Shippenberg et al., 1996; Simpson and Riley, 2005) . The preclinical findings demonstrating enhanced behavioral effects of opioids as a result of intermittent administration are consistent with the increased positive subjective effects observed under the intermittent dosing phase in the current study. In addition to increases in participant ratings of the subjective effects of oxycodone under the intermittent dosing schedule, the analgesic effects also seemed to increase during this phase, as demonstrated by increased latency to report pain in the CPT. A comparison of the first sessions of the two phases for this measure showed that latencies to report pain were unexpectedly higher during the daily dosing phase compared with the intermittent phase. Although the study was designed such that half of the participants were exposed to each dosing condition first and a consistent order effect did not emerge, the increased latency to report pain observed during the intermittent dosing phase raises the possibility that exposure to intermittent dosing during the first phase may have impacted the analgesic effects of oxycodone during the subsequent daily dosing phase.
Oxycodone decreased pupil diameter, a reliable physiological endpoint of opioid effects in humans. Although this effect did not differ in magnitude between sessions for either phase, baseline pupil diameter was significantly smaller during the second session of the daily dosing phase compared with the first session of the phase and the second session of the intermittent dosing phase. The apparent miosis observed under placebo conditions on the fifth day of the daily dosing phase may be ascribed to the effects of the oxycodone dose that was administered the previous evening. Although the half-life of oral oxycodone has been reported to be about 3.51 ± 1.43 h (Leow et al., 1992) , its miotic effects have been previously shown to persist beyond what would be predicted by its half-life (Zacny and Gutierrez, 2003; Walsh et al., 2008; Stoops et al., 2010) . Therefore, the miotic effects of oxycodone during the second session of the daily dosing phase may have been altered by physiologically active concentrations of oxycodone remaining from the previous evening's dose. It is unlikely that behaviorally active concentrations of the previous evening's dose affected the analgesic and subjective effects of oxycodone during the second session; no significant differences between baseline (placebo) measures for the other endpoints indicative of opioid effects were observed.
